Abstract The availability of specific imaging probes is the nuclear fuel for molecular imaging by positron emission tomography and single-photon emission computed tomography. These two radiotracer-based imaging modalities represent the prototype methods for noninvasive depiction and quantification of biochemical processes, allowing a functional characterization of tumor biology. A variety of powerful radiolabeled probesötracersöare already established in the routine clinical management of human disease and others are currently subject to clinical assessment. Emerging from investigations of the genomic and proteomic signatures of cancer cells, an increasing number of promising targets are being identified, including receptors, enzymes, transporters, and antigens. Corresponding probes for these newly identified targets need to be developed and transferred into the clinical setting. Starting with a brief summary of the characteristics and prerequisites for a ''good tracer,'' an overview of tracer concepts, target selection, and development strategies is given. The influence of the imaging concepts on tracer development is also discussed.
The term ''molecular imaging,'' currently defined as ''in vivo imaging of biological or biochemical processes,'' originally describes the visualization of a target molecule in vivo by virtue of its interaction with a probe at the molecular level. In recent years, the field of molecular imaging has broadened and includes several different modalities [e.g., nuclear imaging, magnetic resonance imaging, magnetic resonance spectroscopy, computed tomography (CT), ultrasound, bioluminescence, and fluorescence imaging; ref . 1] . Among these modalities, nuclear molecular imaging with positron emission tomography (PET) and single-photon emission CT represent the prototype for noninvasive quantitative tracing of biochemical processes in vivo. A radiolabeled compound is applied to follow a pathway (transport rate, binding capacity, metabolic rate, etc.) and to detect the utilization of an endogenous analogue (ion, substrate, hormone, etc.) or the expression pattern and density of its corresponding biochemical counterpart (transporter, receptor, enzyme, etc.). To avoid any disturbance of the biochemical or kinetic equilibrium of the process being studied, no-carrier-added tracer preparations without macroscopic or pharmacologic amounts of the respective nonlabeled analogue are applied. A radiopharmaceutical administered at the tracer (no carrier added) level will optimally reach concentrations at the target site in vivo in the picomolar to femtomolar range. According to the law of mass action, binding of a compound in such a low concentration to a target structure (e.g., a receptor) requires a binding affinity constant (K a ) in the high picomolar to low nanomolar range. Assuming that the molecular target relevant to the disease of interest is differentially overexpressed and accessible for the probe, the signal ''detected by PET'' provides a tomographic (three dimensional), quantitative data set of the target distribution and density. In addition, using sophisticated tracer kinetic modeling, kinetic variables, such as equilibrium or flux constants, can be calculated.
The nuclear tracer technique in combination with PET imaging has advanced the functional evaluation of cancer in vivo. 2-[
18 F]fluoro-2-deoxy-D-glucose ([ 18 F]FDG; Fig. 1 ) constitutes a large part of the success story of PET and is extensively used for diagnosis, staging, and therapy control of cancer. But other radiopharmaceuticals, addressing proliferation, hypoxia, angiogenesis, apoptosis, receptor expression, metastasis, or gene transfection, have also been established in part in the clinic (2) and continue to be developed in preclinical and clinical studies (Fig. 2) .
Key Steps in the Development of Nuclear Probes
The development of a probe for nuclear molecular imaging requires the following key questions to be addressed. (a) Is the target specific for the disease of interest and can it be relevantly addressed by a radiolabeled probe? To provide a functional characterization of a disease process, the target density, and thus the tracer uptake, has to be representative of the extent and progression of the disease. (b) Is there existing a molecule (e.g., an enzyme, receptor ligand, peptide, or antibody) with relevant target affinity and suitability to serve as a lead for the development as a tracer? (c) The physiochemical behavior of the tracer in vivo should correspond with the half-life of the isotope (e.g., half-life:
11 C = 20 min, 18 F = 110 min, and 68 Ga = 68 min). Is it possible to modify and optimize the lead molecule about radiolabeling strategy, in vivo stability, clearance route and kinetics, specificity of binding, and background radioactivity levels? (d) Does the tracer accumulation in vivo correlate with the biochemical process? This most relevant validation and final preclinical milestone has to be evaluated in suitable animal models, with human tumor xenografts potentially serving as the first relevant proof of the hypothesized target/tracer concept. (e) Can the imaging concept developed and validated in animals be translated to man? The validation step in man requires independent assays on tissue samples obtained from biopsies and surgical specimens. Consequently, the transfer of a new nuclear imaging probe from bench to bedside is a complex multidisciplinary process. Some of the issues about the aforementioned questions and concepts for PET tracers are discussed in more detail in this article based in examples of clinical relevancy.
Target Selection
In general, the selection of a target for imaging depends on knowledge of the disease-specific molecular processes that are characteristic for the disease of interest. A pharmacotherapeutic agent needs to inhibit or block targets that are involved in key processes to reach a curative effect (e.g., thymidylate synthase inhibitors, dihydrofolate reductase inhibitors, or tyrosine kinase inhibitors). In contrast, a tracer for diagnostic imaging must bind to the therapeutic target or to a corresponding molecule in the same or downstream metabolic/signaling pathway without initiating a pharmacologic effect. In nearly all cases, a therapeutic target is also suitable for imaging, but the reverse is not necessarily true. Consequently, nuclear medicine can draw extensively on the increasing knowledge generated by genomics and proteomics. Dozens of potential imaging targets have been revealed from a comparison of the different molecular signatures of patients suffering from a given disease compared with those of (healthy) controls (3, 4) . Furthermore, the protein expression pattern on tissue samples collected before treatment can be used to identify and select potential therapy responders. Obviously, these evaluations can also be useful for the selection of targets suitable for the prediction of the therapeutic outcome by molecular imaging. However, the current development of nuclear probes is predominantly based on targets and lead structures identified and generated by the pharmaceutical industry. This leads to a bias and an arbitrary restriction (''negative selection'') of potential imaging targets because the vast majority of targets that are unsuitable for therapy have thus far not been investigated for molecular imaging purposes. 
Probes and Probe Development
Organic synthesis and combinatorial chemistry, solidphase peptide syntheses, and phage display are techniques generally exploited for generating potential high-affinity binders for a selected target. The combination of quantitative structureactivity relationships and other three-dimensional computational techniques is now standard parts of modern drug design.
Optimization (9 -11) . A series of other peptides have been developed that are size-reduced analogues of their endogenous counterparts. They are optimized with respect to their in vivo stability, affinity, high specificity of binding, low unspecific uptake, fast excretion via the urinary route, etc. Similarly, small antibody fragments, such as scFv, F(ab ¶) 2 , or diabodies, are preferred over intact antibodies to overcome their long whole-body residence time and slow excretion (12) . For example, the F(ab ¶) 2 (26, 27) . Although some extracellular proteases can be imaged using radiolabeled antibodies, such as ProstaScint imaging of the prostate-specific membrane antigen acting as a glutamate carboxypeptidase (28) , targeting of proteases is extremely challenging. All currently known successful trapping mechanisms of small molecules addressing proteases use suicide inhibition and, thus, are not recommended for nuclear imaging. Matrix metalloproteinase (29) and caspase activity (30 -32) represent extremely interesting targets, but only a few compounds have been investigated for imaging.
Specific Targets and Imaging Probes
Proliferation. A variety of tracers have been evaluated for imaging of proliferation.
11 C-labeled thymidine was the first tracer evaluated and investigated in vivo. A major limitation of [ 11 C]TdR is its rapid catabolism (plasma half-life of 3-5 min). This drawback has been overcome with the development of 18 (36) , but further investigations are required to determine its effect on signal intensity and the accuracy of proliferation imaging.
Angiogenesis. During the last years, neoangiogenesis has been intensively investigated as a key step in tumorigenesis and as a target for cancer therapy. There is an undiminished interest in developing methods for the noninvasive monitoring of molecular targets involved in angiogenesis, which is further spurred by the need to assess and monitor the effects of new antiangiogenesis-targeted therapies (37) .
Currently, the development of angiogenesis-targeted radiotracers is mainly concentrated on peptidic and nonpeptidic a v h 3 integrin-binding antagonists, matrix metalloproteinase inhibitors, single-chain antifibronectin antibody fragments, and VEGF-directed tracers (38) .
The development of radiolabeled matrix metalloproteinase inhibitors is based either on small organic compounds or the decapeptide Cys-Thr-Thr-His-Trp-Gly-Phe-Thr-Leu-Cys (the latter was obtained from screening of a phage display library; The radiolabeled anti-ED-B single-chain antibody fragment scFv L-19 showed selective accumulation in the tumor vasculature in a murine tumor model. In the first patient study, a selective localization of the radioiodinated tracer in lesions of different tumors was found. A labeled S-S-dimeric recombinant protein AP39, an engineered derivative of L-19, showed very promising biodistribution and imaging properties in mice with a high and rapid tumor uptake, rapid blood clearance, and pronounced renal excretion, leading to high signal-to-noise (target to background) ratios (39 -41) .
Radiolabeled peptides based on the lead structure cyclo(-ArgGly-Asp-DPhe-Val) [=c(RGDfV)] have been developed for the noninvasive determination of the a v h 3 integrin expression (9 -11, 42) . Peptides labeled with minimum structural alteration, peptide carbohydrate conjugates and peptidomimetics, as well as homodimeric and homomultimeric ligand systems are being evaluated (43, 44) . The most promising monomeric ligand, [ 18 F]Galacto-RGD (Fig. 7) , has been optimized by carbohydration and shows decreased nonspecific binding and improved excretion kinetics compared with the nonglycosylated reference compound. [ 18 F]Galacto-RGD has been successfully evaluated in clinical studies in patients suffering from malignant melanomas, sarcomas, head and neck cancer, glioblastomas, and breast cancer (10, 11, 45, 46) . Standard uptake values in tumors ranged from 1.2 to 9.0. Tumor-to-blood and tumorto-muscle ratios increased over time, with peak ratios of approximately 3 and 8 at 70 min after injection. The tumor kinetics was consistent with a two-tissue compartment model with reversible specific binding. Thus, this tracer offers a new strategy for noninvasive monitoring of molecular processes that may provide useful information for planning and guiding of therapeutic approaches targeting the a v h 3 integrin.
Apoptosis. Molecular imaging of phosphatidylserine by Annexin V or AFIM, a small 9-kDa domain of Annexin V engineered by mutagenesis, has major limitations. (a) Phosphatidylserine is only available ''during'' the apoptotic process of the cell, and thus, this target is ''presented'' only for a few hours. Due to the small time window, the effective concentration of available apoptotic cells is correspondingly low. (b) Tumors often exhibit both rapid cell growth and apoptosis, thus leading to a considerable background level of phosphatidylserine presentation in the steady state (47, 48) .
Initial reports on the imaging of apoptosis by caspase inhibitors revealed low specific uptake of the compounds (31) . This corroborates the rule of thumb that enzyme inhibitors, in contrast to enzyme substrates, are poor tracers (inhibitors bind to the enzyme in a 1:1 ratio, whereas the accumulation of an enzyme substrate is amplified). It is worthwhile to reiterate that only in a few cases, where the target is expressed at a high density (e.g., imaging of 11 C-hhydroxylase in adrenal cortical tumors using the inhibitor metomidate), is the imaging of an enzyme successful using a radiolabeled inhibitor.
To increase the cellular uptake and thus availability of the tracer at the target site, caspase substrates were conjugated to Tat peptides (nonspecific membrane-transducing peptides derived from the coat of the HIV). Among the tested compounds, Tat(49-57)-yDEVDG-NH 2 and Tat(57-49)-yDEVDG-NH 2 were favorably taken up by apoptotic cells compared with that of controls (30) . Nevertheless, further optimization is necessary to achieve a relevant accumulation of the labeled fragments after proteolytic cleavage.
Promising small-molecule apoptosis markers have recently been developed. One of these compounds, Zn 2+ -dipicolylamine, binds phosphatidylserine-rich membranes in a Ca 2+ -independent manner and could be a very useful reagent for detecting apoptosis (49, 50) . In addition, a novel family of low molecular weight compounds based on sulfonamides (ApoSense molecules) has been developed (42, 51, 52). Remarkably, these compounds showed selective passage through the membrane and accumulation within the cytoplasm of apoptotic cells. Although it remains to be shown, the mechanism hypothesized is that these compounds may bind to phosphatidylcholine and subsequently be transported into the cells during activation of scramblases. If no scramblases are activated, the loose complex dissociates and the sulfonamide leaves the cell membrane, thereby promoting clearance. Sulfonamides may therefore represent a novel class of smallmolecule probes of potential value for in vivo imaging of apoptosis.
Receptor expression. Epidermal growth factor receptor tyrosine kinase is overexpressed on more than two thirds of human cancers (53 -55) . Two first-generation receptor ligands developed for PET imaging, [ 18 F]MLO1 (reversible inhibitor) and [ 11 C]MLO3 (irreversible inhibitor), showed good binding characteristics and inhibitory activities but were found to have unsuitable in vivo pharmacokinetics due to a rapid washout from the tumor and rapid in vivo degradation, respectively (53) . Newly optimized 11 C-labeled analogues with improved in vivo stability and retained binding and inhibitory characteristics were developed and seem promising candidates for visualization of epidermal growth factor receptor -overexpressing tumors (54) . The 11 C labeling of another reversible epidermal growth factor receptor tyrosine kinase inhibitor, Iressa, has been reported (55) , highlighting the potential effect for imaging this target. (Fig. 8) . For most other neuropeptide receptor systems, there are still open issues to be addressed. This may require a further optimization of the radioligands and determination of the level of receptor expression and its distribution in tissues. Reubi and Waser have undertaken the task to thoroughly map a large number of tumor specimens and normal tissues for their neuropeptide receptor expression, which, hand in hand with the development of suitable receptor radioligands, constitutes the basis of successful clinical receptor imaging. This strategy also opens perspectives for efficient multireceptor targeting (58) .
Another rule of thumb, receptor agonists have been assumed to be more suitable tracers than antagonists. Due to the internalization of the receptor-agonists complex, intracellular accumulation of the ligand in endosomal and finally lysosomal compartments can occur and usually results in high target-tobackground ratios. Thus, radiolabeled antagonists, lacking the ability of receptor-mediated internalization, have not been regarded as promising tracers in oncology despite their success in imaging targets in the central nervous system. However, very recently, high tumor uptake and long retention of a somatostatin receptor -selective peptide antagonists has been shown in mice recently, reaching 60% of the injected dose per gram tumor at 1 h after injection and remaining at this considerably high level for up to 72 h (59) . In vitro studies revealed that the antagonists labeled a higher number of binding sites than the agonists tested. If this observation can be confirmed for other receptor systems, the use of radiolabeled antagonists may considerably improve the sensitivity of receptor-targeted imaging.
Hypoxia. The major clinical relevance of tumor hypoxia lies in its negative predictive value for local tumor progression, the likeliness of metastasis, and for overall prognosis. In addition, tumor cell hypoxia has a negative effect on anticancer treatment, as hypoxic cells are two to three times more resistant to a single fraction of ionizing radiation compared with cells with normal oxygenation levels. Intensitymodulated radiation therapy allows selective dose escalation in hypoxic tumor regions. However, its applicability relies on the success of imaging to identify the volume of tumor tissue hypoxia. Fig. 9 ; ref. 62), following transmembrane diffusion and reduction to a radical form by ubiquitous nitroreductases. Under hypoxic conditions, these radicals cannot be reoxidized, which results in a binding to intracellular macromolecules, preventing back diffusion across the cell membrane. A subtle adjustment of the redox potential is a prerequisite for these tracers.
In contrast to nitroimidazole compounds, the exact targeting and retention mechanism of [ 60, 62, 64 Cu]diacetyl-bis-N 4 -methylthiosemicarbazone (Cu-ATSM) is not completely understood. The reduction of Cu(II) to Cu(I) has been identified as the crucial step (63 -65) , and recently, the presence of cellular copper exporters (ATP7A and ATP7B) has been suggested to be responsible for a fast washout of copper isotopes from hypoxic tissue (66, 67) .
Metastasis. Recently, chemokine receptors have been found to play a major role in the regulation of tumor metastasis and homing. Among those receptors, the chemokine receptor CXCR4 is highly expressed in a variety of tumors. Both the expression of CXCR4 and of its endogenous ligand, the stromal cell-derived factor-1a, are up-regulated during hypoxia. It has been shown that activation of CXCR4 leads to targeted metastasis by homing of circulating tumor cells to organs that express stromal cell-derived factor-1a, such as bone marrow, lung, and liver. Recently, a radiolabeled cyclic pentapeptide antagonist has been developed, and quantification of CXCR4 receptor expression has been investigated in animal models (68) . Detailed studies need to show whether the physiologic expression pattern of CXCR4 correlates with the mobilization and homing of hematopoietic stem cells and if progenitor cells may interfere with imaging of metastasis.
Reevaluation of existing tracers/targets. On some occasions, a reevaluation or a more detailed analysis of the molecular processes relevant for tracer accumulation is recommended. The selection of a new target for a given disease, and thus the development of a new nuclear probe, is dependent on a sound molecular and cell biology information base (Fig. 2) . For imaging in the context of planning of a chemotherapeutic intervention (e.g., is the therapeutic target expressed in high density?), and for therapy monitoring (does the applied dose of the therapeutic agent result in a sufficiently high target occupancy?), tracers with high specificity are required. Radiolabeled analogues of the corresponding therapeutic drugs seem to be the best initial imaging probes, but each drug would require its specific monitoring probe and infrastructure. Consequently, this costly strategy seems only applicable for imaging and therapy monitoring of some selected and often applied therapeutics.
For staging, response evaluation, and restaging the extent of the disease, the tracer uptake has to correlate with the therapeutic effect (biomarker) at all imaging time points (before and after therapy). Here, tracers with high sensitivity are required, allowing for the early assessment of therapeutic effects and response evaluation. 
Conclusion
Apart from the continuing improvement in imaging equipment and technology, the success story of clinical molecular imaging is strongly dependent on the availability of powerful probes with optimal in vivo biodistribution and imaging characteristics. Three terms, (a) availability, (b) power or capability, and (c) in vivo characteristics, summarize the key features and problems in radiotracer development.
Availability includes radionuclide production, the development and technical realization of efficient and remote controlled syntheses, as well as regulatory issues and restrictions. Very few new approved radiopharmaceuticals have appeared in the last decade, and only a few tracers have any likelihood of approval in the near future. The clinical efficacy of a continuously increasing number of probes has already been shown (e.g., [ 11 C]flumazenil and [ 11 C]methionine). Because 11 C probes (half-life of 20 min) are not feasible for commercial production and distribution, they must be produced locally by individual centers and will never reach a broad market.
The power or capability of a probe is predominantly determinated by a proper selection of the targets. Integration of genomic and proteomic information into the developmental process will improve and facilitate the selection of new targets with high relevance for therapy monitoring and prediction of therapy response.
The optimization of the ''in vivo biodistribution and metabolism characteristics'' of a molecular probe is potentially the most challenging task in the development of a new highaffinity radiolabeled ligand to image a specific endogenous molecular target. Catabolic stability, clearance rate, excretion route, specificity of uptake, accumulation, retention, etc. need to be properly adjusted and characterize the pharmacokinetic aspects of a ''good in vivo probe.'' Radiopharmaceutical chemistry must strengthen the ''pharmaceutical'' component of new probe development. Finally, a ''good in vivo probe'' will only become a ''good in vivo radiopharmaceutical'' after it has been fully assessed in clinical trials. 
